For successful treatment of malignant B-cells it is crucial to understand intrinsic survival requirements in relation to their normal progenitors. Long-lived humoral immunity as well as most B-cell malignancies, originate in the germinal center (GC). Murine GC B-cells depend on pro-survival protein MCL-1, but not BCL-XL. In contrast, naive and memory B-cells depend on BCL-2, but not BCL-XL or MCL-1. For human B-cell subsets, the functional relationships among BCL-2 members are unclear, and also if and how they shift after malignant transformation. We here dissect these aspects in human tonsil and primary leukemia (CLL) cells by single and combined treatment with novel, highly specific BH3-mimetics. We found that MCL-1 expression in GC B-cells is regulated posttranslationally and its importance is highlighted by preferential binding to pro-apoptotic BIM. In contrast, BCL-XL is transcriptionally induced and binds solely to weak sensitizer BIK, potentially explaining why BCL-XL is not required for GC B-cell survival. Using novel BH3-mimetics, we found that naive and memory B-cells depend on BCL-2, GC cells predominantly on MCL-1, whereas plasma cells need both BCL-XL and MCL-1 for survival. CLL cells switch from highly sensitive for BCL-2 inhibition to resistant after CD40-stimulation. However, combined inhibition of BCL-2, plus BCL-XL or MCL-1 effectively kills these cells, thus exposing a weakness that may be therapeutically useful. These general principles offer important clues for designing treatment strategies for B-cell malignancies.
diffuse large B-cell lymphoma, follicular lymphoma (FL), CLL and multiple myeloma. [4] [5] [6] In addition to BCL-2-specific BH3-mimetics, novel BH3-mimetics have become available for in vitro use that specifically target MCL-1 (A-1210477) or BCL-XL (WEHI-539). 7, 8 Most lymphomas derive from GC B cells or their descendants. 9 Thus, predicting efficacy of BH3-mimetics in B-cell malignancies requires detailed insight into expression of BCL-2 family proteins, their interaction profile and sensitivity to BH3-mimetics in healthy B cells. High-level MCL-1, BCL-XL and reduced BCL-2 protein expression has been previously detected in the human and murine GC. [10] [11] [12] [13] In addition, transcriptional induction of BFL-1 was observed by gene expression profiling in the human and murine GC light zone (LZ).
14 Although MCL-1 and BCL-XL proteins are both highly expressed in murine GC B cells, only MCL-1 appeared to be important for their survival. 13 The divergent roles of MCL-1 and BCL-XL in GC B cells still remain unexplained, and it is unknown if this also holds for human B cells.
The aim of our current study is twofold; first, we aim to investigate the expression, regulation and dependence on pro-survival BCL-2 family members in healthy primary human B cells from the tonsil, including GC B cells (discriminating centroblasts (CB) from the GC dark zone (DZ) and centrocytes (CC) from the LZ), and plasma cells (PC). Second, BH3-profiling with peptides has been used to predict dependence on pro-survival BCL-2 family members. 15 Here, we use another approach using BH3-mimetic compounds that have become available and selectively inhibit either BCL-2, BCL-XL or MCL-1. Recently, an innovative method, called mitopriming, has tested such novel BH3-mimetics and confirmed their selectivity and potency. 16 To exploit potential differences in sensitivity between healthy and malignant B cells we also used primary CLL cells. These cells normally respond well to inhibition with ABT-199, 3 but upregulate BCL-XL, MCL-1 and BFL-1 on stimulation via CD40, mimicking the protective lymph node microenvironment and making them resistant to ABT-199 and other conventional CLL drugs. 17 CLL cells can therefore be used as a model to study the dependence of primary malignant B cells on expression of the different BCL-2 family members.
Results
BCL-2 family members are highly differentially expressed in human B-cell subsets. To examine gene expression of the different BCL-2 family members, B-cell subsets were isolated from human tonsil specimens and subjected to multiplex ligation-dependent probe amplification assay (MLPA) covering both pro-apoptotic and pro-survival members of the BCL-2 family (Figures 1a-c; Supplementary  Figure 1 ). Tonsil B cells were separated into naive B cells, memory B cells, PC or GC B cells based on expression of IgD and CD38 using flow cytometry. GC B cells were further subdivided into CB or CC based on expression of chemokine receptor CXCR4 and cell size (Figure 1a) . We confirmed mRNA expression of pro-survival members using more sensitive quantitative real time polymerase chain reaction (qPCR) (Figure 1d ), which also allowed quantification of BCL-2 family expression in the small PC population isolated from the tonsil. Combined, this revealed that BCL2 gene expression was virtually shut down when B cells enter the GC reaction. In contrast, gene expression of BCLX and BFL1 was induced in the LZ of the GC, whereas gene expression of MCL1 was significantly increased in PC only (Figures 1b-d) . Besides MCL1, a significant increase in BCLX gene expression was observed in PC (Figure 1d ). The expression pattern in memory B cells was not significantly different than in naive B cells (Figures 1b-d) . In addition to the differential regulation of pro-survival BCL-2 family members, we also observed significantly increased gene expression of pro-apoptotic members BIM, BID, PUMA and especially BIK when B cells enter the GC reaction (Figure 1; Supplementary Figure 2) . Increased gene expression of these pro-apoptotic BCL-2 family members was also observed in PC (Supplementary Figure 3) .
Pro-survival BCL-2 proteins are transcriptionally regulated in tonsillar B cells, except MCL-1, that is regulated at the post-transcriptional level. Protein expression of differentially expressed BCL-2 family members was monitored by western blot analysis on cells sorted as in Figure 1a . In general, gene expression was largely consistent with expression at the protein level (Figures 2a and b) . Unlike BCLX and BFL1, increased MCL1 gene expression was not observed when B cells enter the GC reaction (Figures 1a-d) . MCL-1 protein however is highly induced in GC B cells as measured by western blot and fluorescence microscopy (Figures 2a-c) . Quantification of multiple experiments revealed that increased expression of MCL-1 and BCL-XL, or decreased expression of BCL-2, in GC B cells did not differ between CB or CC from the DZ or LZ, respectively (Figure 2b ). Although induction of BFL-1 protein expression in CC seems to follow its regulation at the transcriptional level (Figures 1b-d and 2a) , the currently available tools to detect BFL-1 protein did not allow quantification relative to naive B cells. In contrast to GC B cells, high-level MCL-1 protein expression was not observed in the T cell zone surrounding the tonsillar GC as observed by fluorescence microscopy ( Figure 2c ). Comparing MCL-1 protein expression to gene transcription suggested that MCL-1 protein stability is increased specifically in GC B cells (Figure 3a) . Measuring MCL-1 protein turnover using translation inhibitor cycloheximide in highly purified naive B cells versus GC B cells indeed revealed that MCL-1 protein stability in GC B cells is strongly increased (Figure 3b ; Supplementary Figures 4a and b) . MCL-1 protein half-life is dictated by the combined action of a selection of specific kinases, phosphatases, deubiquitinases and ubiquitin ligases. 18 Which of these players is responsible for the regulation of MCL-1 stability in GC B cells is currently unknown, although we did observe a significant decrease of known MCL-1-specific ubiquitin ligases in GC B cells (Figure 3c) . 18 In addition, we observed that inhibition of the protein phosphatase 2 (PP2A) complex using okadaic acid (OA) reduced MCL-1 stability in GC B cells (Figure 3d ). The latter findings are in line with the observation that protein phosphatases, such as PP2A, are highly active in GC B cells. (Figure 4a ). Extended running of the western blot containing IP fractions revealed that the BIM EL band was partly masked by an aspecific background band, but that in addition to BIM S and BIM L , the BIM EL form is also associated with MCL-1 (Supplementary Figure 6a) . BCL-XL, on the other hand, was not associated with BIM, but was associated with BIK instead, and no binding of BCL-XL to PUMA, BID or NOXA was detected (Figure 4a; Supplementary Figure 6a ). MCL-1 IP could not completely deplete the total lysate of BIM, which either suggests saturation of the beads, or that part of the BIM protein pool was also associated with other proteins than MCL-1. BCL-2 IPs indeed showed that a small but detectable fraction of BIM was also bound to BCL-2. In addition to BIM, PUMA was found associated to BCL-2 (Supplementary Figure 6b), whereas BIK was not bound to BCL-2 (Supplementary Figure 6c ). As almost 90% of BCL-2 protein in the total B-cell lysate is derived from naive or memory B cells, these observed associations are also mostly reflective of these cell subsets. Thus, MCL-1 associates with BIM and NOXA and BCL-XL with BIK in GC B cells, whereas BCL-2 associates with PUMA and BIM in naive and/or memory B cells. Unfortunately, with the currently available BFL-1 antibodies, we were unable to successfully perform BFL-1 IPs to test a possible interaction of BIM or BIK to BFL-1. To test if the novel MCL-1-inhibitor A-1210477 could abrogate the interaction between MCL-1 and BIM, IP experiments were performed in the presence of A-1210477 and demonstrated a strong reduction of the interaction between MCL-1 and BIM (Figure 4b) . Similarly, BCL-XL-BIK complexes could be dissociated using the BCL-XL-inhibitor WEHI-539 (Figure 4c ). Combined, our data reveal a clear distinction in regulation as well as functional interactions between MCL-1 and BCL-XL in human tonsil B-cell subsets.
BH3-mimetic profiling reveals a divergent dependence on pro-survival BCL-2 family members in healthy B cells and exposes weaknesses in resistant leukemic B cells. In mouse models, expression of MCL-1 is essential for GC B-cell survival. 13 The importance of MCL-1 expression for human B cells is currently unknown and was tested with A-1210477 by treating tonsil cells with different doses of the inhibitor, followed by flow cytometric determination of cell viability after gating on the different B cells subsets, as shown in Figure 1a . This revealed increased sensitivity of GC B cells and PC to inhibition of MCL-1 as compared with either naive or memory B cells (Figure 5a ). A-1210477 is highly specific for MCL-1, although relatively high concentrations are necessary to displace BIM from MCL-1 and promote apoptosis. 7 It can be expected that more potent inhibitors will reveal bigger differences in MCL-1 sensitivity between cell types in the future. Next, sensitivity to the BCL-XL-specific inhibitor WEHI-539 was tested in a similar manner. Although BCL-XL protein expression is strongly increased in GC B cells (Figures 2a and b) , these cells are not sensitive to inhibition with WEHI-539 (Figure 5a ). Importantly, this confirms earlier findings in mice in vivo, 13 and is in line with BCL-XL binding to weak BH3 member BIK. PC in human tonsil are however sensitive to inhibition of BCL-XL (Figure 5a ), in correlation with very high BCL-XL mRNA expression in PC (Figure 1d) , and increased overall expression of BH3 members BIM, PUMA, BIK and BAD (Supplementary Figure 3 ). Finally, we tested dependence on BCL-2 exclusively using the BCL-2-specific inhibitor ABT-199. Comparable to mouse experiments using ABT-737, that As expected based on recent studies with ABT-199, CD40-stimulated CLL cells were insensitive to single treatment with specific BH3-mimetics (Figure 5b) . However, different combinations of drugs were used to test potential additive or synergistic effects and revealed that ABT-199 plus WEHI-539 or ABT-199 plus A-1210477 efficiently induced apoptosis of CD40-stimulated CLL cells (Figure 5c ).
Discussion
The maintenance of cancer cells is to a large extent controlled by the BCL-2-regulated or intrinsic apoptotic pathway. Targeting pro-survival BCL-2 family members using a novel class of therapeutics, called BH3-mimetics, can thus significantly improve the treatment of cancer. 22 Although BH3-mimetic ABT-199 (Venetoclax) has been successfully used in clinical trials, 20 there is still a lack of knowledge concerning the role and regulation of pro-survival BCL-2 proteins in healthy versus malignant B cells. Our expression analyses confirm transcriptional upregulation of BCLX and BFL1 in GC B cells, 12,14 which seems to be induced in the GC LZ and may be induced on signaling via CD40 by T follicular helper cells in the LZ.
MCL-1 protein half-life is short in most cell types where it varies between 30 and 45 min, [23] [24] [25] but conditions have been described for healthy 26 and malignant 27 T cells where proteasomal degradation of MCL-1 is inhibited, resulting in a prolonged protein half-life. Our transcriptional and protein analyses in purified cell populations demonstrate a significantly enhanced MCL-1 protein stability in the GC. As most B-cell malignancies originate in the GC, this observation is highly relevant and aberrant protein regulation of MCL-1 may underlie the observed overexpression in FL and diffuse large B-cell lymphoma cells. 4, 28 The down-regulation of MCL-1-specific ubiquitin ligases Mule, FBW7 and βTrCP1, as well as the impact of PP2A-inhibitor OA on MCL-1 degradation may suggest their involvement in regulation of MCL-1 stability. The exact mechanism(s) of altered MCL-1 protein stability in GC B cells is subject of ongoing studies, and may include differential activity of additional kinases, phosphatases, ubiquitin ligases and deubiquitinases. 18 Our finding that PP2A may be involved in the regulation of MCL-1 protein stability in GC B cells is in line with earlier findings that describe highly increased activity of phosphatases in GC B cells specifically, including PP2A. 19 In addition to increased expression of BCL-XL, BFL-1 and MCL-1 in GC B cells, increased expression of pro-apoptotic BIM and BIK was also observed at both the mRNA and protein level and expression of both genes was already initiated in the DZ of the GC. BIK has been shown previously to be induced upon IgM ligation on B cells, 29 and by transforming growth factor beta (TGF-β) in Burkitt lymphoma cell lines and GC cells. 30 BIK may therefore be involved in selection of B cells in the GC. More recently it was shown that not only BIK, but also BIM and NOXA are up-regulated upon B-cell receptor (BCR) stimulation and that induction of all three is important for BCRsignaling-induced cell death. 31 Thus, our findings show that the induction of pro-apoptotic BIM and BIK is countered by the induction of MCL-1 and BCL-XL in those cells that, at the moment of analysis, survived the selection process in the GC.
Our IP experiments performed with purified tonsil B cells revealed preferential binding of MCL-1 to BIM and of BCL-XL to BIK in GC B cells. These findings indicate that inhibition of MCL-1 releases BIM that is capable of inducing apoptosis by activating BAX and BAK, thereby explaining the central role for MCL-1 in human GC B cells. 1 It also explains why inhibition of BCL-XL in GC B cells does not immediately result in apoptosis, as released BIK cannot directly activate BAX and BAK. 1 Increased levels of free BIK may however sensitize GC B cells to other apoptotic stimuli. The latter may also be the case for PC that do seem to depend on BCL-XL expression. As PC highly express BIM and PUMA, in addition to BIK, it is unclear which BH3-only protein is the direct activator of WEHI-539-induced apoptosis. An alternative option is that in PC BCL-XL does bind to apoptotic activators such as BIM, BID or PUMA. As the percentage of PC in the tonsil is very small (Supplementary Figure 5a) , the contribution of binding partners for BCL-XL in PC may not have been detected in our IP experiments. Previously, we found that in contrast to GC B cells, primary CLL cells do not express BIK, but highly express NOXA. 32 In CLL, MCL-1 is bound to NOXA, whereas BIM is also bound to other pro-survival proteins such as BCL-2 and BCL-XL, in addition to MCL-1. 33 Thus, binding patterns of BCL-2 family members can vary between normal and malignant cell types and may cause differential sensitivity to specific BH3-mimetic drugs. The specificity of this approach was recently validated using specifically constructed cell lines, and was dubbed mitopriming. 16 Our data using primary cells revealed that both GC B cells and tonsillar PC are significantly more dependent on MCL-1 expression than naive and memory B cells. In contrast, only PC are sensitive to inhibition of BCL-XL. Although longlived PC in the BM do not depend on BCL-XL expression, 34 newly generated PC and plasma blasts do. 13, [35] [36] [37] This supports the view that, as observed for platelets, 38 BCL-XL acts as a survival timer for PC. BCL-XL expression induced during the GC reaction may protect PC en route to protective BM niches where local survival signals induce expression of MCL-1. As a large portion of tonsil PC are short-lived (multiple days instead of months to years for long-lived PC), 39 dependence on BCL-XL fits with this hypothesis.
PC and GC B cells are highly insensitive to selective inhibition of BCL-2 using ABT-199, in contrast to naive and memory B cells. These findings are in line with experiments in mice where treatment with ABT-737 significantly reduces the naive and memory B-cell populations. 35 Bfl-1/A1 promotes the survival of mature follicular B cells in mice, 40, 41 and we observed increased expression of BFL-1 in human GC B cells. The current lack of BFL-1-specific inhibitors unfortunately precludes this type of BH3-mimetic profiling analysis in primary human B cells.
Combined, our experiments using healthy cells reveal a radical disparity in the expression of-and dependence onpro-survival BCL-2 family members, which is schematically summarized in Figure 6 . Naive and memory B cells mainly depend on BCL-2 expression for survival. GC B cells solely depend on expression of MCL-1, whereas PC in the tonsil require expression of both MCL-1 and BCL-XL. The abundance of MCL-1, BCL-2 or BCL-XL protein correlates well with the shifts in cellular dependence. Expression of MCL-1 in GC B cells is important for cell survival as it sequesters BIM, whereas expression of BCL-XL in these cells seems less important for survival as it is bound to BIK. Expression of BCL-2 in naive and memory B cells promotes cell survival through sequestration of PUMA and BIM.
CLL cells directly isolated from the blood efficiently underwent apoptosis on treatment with either ABT-199, less so for WEHI-539 or A-1210477, whereas CD40-stimulated CLL cells were significantly more resistant to all three compounds. The acquired resistance can be explained by the CD40-mediated induction of BCL-XL, MCL-1, BFL-1 and overexpression of BCL-2.
17,21 BCL-XL contributes significantly to ABT-199 resistance as determined by knockdown experiments in primary CLL cells. 17 In line with these findings, we show here that combined use of BH3-mimetics, especially the combination of ABT-199 plus WEHI-539 or ABT-199 plus A-1210477, induced apoptosis of stimulated CLL cells much more efficiently than single drug treatment. Synergistic effects of A-1210477 and ABT-263 (navitoclax), the orally bioavailable version of BCL-2-and BCL-XL-inhibitor ABT-737, have also recently been observed for multiple cancer cell lines. 7 Thus, 
Materials and Methods
Tonsils, CLL cells and flow cytometry. Tonsils were obtained from patients undergoing tonsillectomy for chronic tonsillitis. The tonsillar tissue was cut into small pieces and forced through a cell strainer to generate single-cell suspensions. Single-cell suspensions were stained with the following antibodies: anti-CD19 (HIB19), anti-CD3 (UCHT1), anti-IgD (IA6-2), anti-CD38 (HB7) and anti-CXCR4 (12G5). Stained cells were analyzed on a FACSCanto II or LSRFortessa cytometer (Beckton Dickinson (BD) Biosciences, San Jose, CA, USA). B-cell populations were sorted using a FACSCanto II cytometer to a purity of 98%. CLL cells were obtained and cryopreserved as previously described. 21 The study was approved by the medical ethics committee at the Academic Medical Center and written informed consent was obtained in accordance with the Declaration of Helsinki. Expression of CD5 and CD19 (both Beckton Dickinson (BD) Biosciences) on leukemic cells was assessed by flow cytometry (FACScanto; BD Biosciences). CLL samples included in this study contained 81-99% CD5 + /CD19 + cells. Data in Figure 5b represents CLL cells from three patients (two with unmutated and one with mutated IgV H gene sequences) where two patients were untreated before sampling and one patient was treated with fludarabine, cyclophosphamide and rituximab (FCR). Data in Figure 5c represents CLL cells from nine patients (four with unmutated and five with mutated IgV H gene sequences) where seven patients were untreated, one patient was treated with FCR and one patient was treated with chlorambucil, cyclosporin, prednisolone and rituximab.
